To study the expression of hyaluronan in male reproductive organs and the origin of seminal plasma hyaluronan, we stained various parts of the bull reproductive aact for hyalutonan using a biotinylated probe derived from cartilage proteoglycan (bHABC). The potential loss of hyaluronan during tissue processing was checked with a novel technique by blotting frozen tissue sections on nitrocellulose and staining the blots with bHABC. In the same tissues the CD44 receptor was visualized by Hermes 1 antibody. The testes showed only traces of hyaluronan, whereas both the epithelium and the connective tissue of seminal vesicle, prostate, Cowper's gland, and epididymis were positive in bHABC staining. Hyaluronan was localized on the basolateral sur-faces of these epithelial cells. The secretions inside the seminal vesicle and in the ducts of prostate and Cowper's gland were HA-positive, whereas the luminal contents of seminiferous tubules and epididymis were unstained both in paraffin sections and in the in situ blocks. The data indicate that hyaluronan in seminal plasma originates from the accessory sex glands. The co-localization of CD44 with hyaluronan in the basolateral surfaces of the aawssory gland epithelia and its absence from other epithelia with little or no hyaluronan supports its role as a hyaluronan receptor. (J Histochem
Introduction
Hyaluronan is a ubiquitous product of all connective tissues, and was recently found to be also expressed in several epithelia (1,2). It is an extracellular, high molecular mass acidic polysaccharide with a capacity to bind water to the extent that it forms gels (3). These physicochemical properties contribute to its postulated roles in the extracellular matrix. Hyaluronan gel facilitates diffusion of small molecules by maintaining the extracellular space (4), and at the same time tends to exclude large molecules such as proteins ( 5 ) . The presence of hyaluronan also seems to act as a signal for cell differentiation and migration (4). It has been postulated that hyaluronan is a kind of negative adhesion factor (6), the secretion of which helps to detach a cell from its substrate for mitosis (2,7), migration (8-lo), and differentiation (11). In multilayered epithelia it may help in cell nourishment (1). Hyaluronan specifically binds to several plasma membrane receptors and components of the extracellular matrix such as proteoglycans, fibronectin, and fibrinogen (for review see 12).
Hyaluronan was recently found in human seminal plasma, where its concentration exceeded that in normal serum (13) . Our own measuremcyts confirmed the presence of hyaluronan in bull seminal fluid (Agren, unpublished observations) . Hyaluronan enhances the motility of spermatozoa (14) and is used as an ingredient in commercial solutions intended for artificial insemination (15). Hyaluro-nan may thus contribute to the performance of the spermatozoa after ejaculation.
The origin of the naturally occurring hyaluronan in seminal plasma is not known. We examined the distribution of hyaluronan in the bull reproductive tract and associated glands to reveal its sources by using a specific probe for hyaluronan prepared from articular cartilage (bHABC). Sections cut from paraffin-embedded tissues fixed with aldehydes and cetylpyridinium chloride (CPC) give reproducible staining of skin hyaluronan (16) . However, tissues differ in their capacity to retain hyaluronan. In particular, hyaluronan in a free, unbound form may be lost during tissue processing. To preclude this possibility we developed a new in situ transblotting technique to transfer tissue hyaluronan on nitrocellulose membranes. The hyaluronan bound to the membranes could be detected with bHABC as in ordinary tissue sections.
These tissues were also stained for CD44, one of the most important cell surface receptors of hyaluronan, to complement the view of hyaluronan distribution.
Materials and Methods
Fixation. Bovine reproductive organs (from five animals) were obtained from the local slaughterhouse, dissected into pieces of 0.1 x 0.1 x 0.5 cm, and fixed with 2% paraformaldehyde, 2.5% glutaraldehyde, 0.03 M NaCI, and 0.5% cetylpyridinium chloride (CPC) in 0.1 M Na-phosphate buffer, pH 7.4, for 4 hr for HABC staining (16.17) . The blocks were dehydrated and embedded in paraffin; 3-pm sections were cut and depardinized as usual.
Alternatively, the tissues were fresh-frozen and 1-7-pm cryosections were fixed on microscopic slides with cold acetone for 5 min before staining. The section was pretreated with streptomyces hyaluronidase to demonstrate the specificity of the staining. sm, smooth muscle layer. Large arrows in c indicate the basal cells, small arrows the staining between the superficial cells. The secretory product inside the glandular lumen (asterisks) is bHABC-positive (b,c) and is susceptible to hyaluronidase (d). Ban: a,b,d = 50 pm; c = 10 pm.
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Staining of Hpaluronan and CD44. The biotinylated hyaluronan binding complex (bHABC) was used to histologically localize hyaluronan (16) . The sections were incubated with 0.3% H202 in 30% methanol for 10 min to block tissue peroxidases. washed with phosphate buffer (pH 7.4). and incubated in 1% bovine serum albumin (BSA) in the same buffer for 30 min to block nonspecific binding. The slides were incubated with the bHABC ( 5 pglml, diluted in 1% BSA) overnight at 4'C. washed three times for 10 min with the buffer. and treated with avidin-biotin-peroxidase (Vector Laboratories; Imine. CA) at 1:200 dilution for 1 hr at room temperature (RT). The sections were washed with the buffer and incubated in 0.05 % DAB (3,3'-diaminobenzidine) (Sigma; St. Louis, MO) and 0.03% H202 in phosphate buffer at RT for 5 min.
The specificity of the stainings was controlled by predigesting sections with Streptomyces hyaluronidase (100 TRU/ml Na-acetate buffer. pH 5 , for 3 hr at 37%) in the presence of protease inhibitors (18) . The digestion experiments also included controls incubated under otherwise similar conditions but lacking the enzyme.
To demonstrate the location of CD44. the sections were stained with Hermes 1 monoclonal antibody (a gift from Dr. Sirpa Jalkanen. Turku. Finland). Paraformaldehyde (Z%)-fixed, paraffin-embedded tissues were routinely used. Frozen sections fixed with paraformaldehyde or with cold acetone for 5 min were also used. The slides were first incubated with 1% BSA for 30 min to block nonspecific binding. The primary antibody. diluted with 1% BSA (1:50-1:lOO) was incubated on the slides overnight at 4'C. Endogenous peroxidase activity was blocked by incubating the sections with 0.3% H202 in 30% methanol for 10 min at RT. The protocol thereafter included sequential incubations for 1 hr at RT with the secondary antibody (anti-rat biotinylated secondary antibody, 1:lOO Vector), and ABC (dilution 1:200; Vector). Between each step the slides were washed three times with phosphate buffer. The DAB color was dcveloped as described were collected on nitrocellulose. thawed. and placed on filter paper prewetted with Tris-acetate (40 mM. pH 8.0) containing 10% methanol. The sheets were incubated for 10 min in a moist chamber at 4'C. Thereafter. the sections were removed by spraying the buffer. The sheers were allowed to dry and were stained for hyaluronan as above.
The ability of nitrocellulose membranes to bind hyaluronan was tested by applying pure. high molecular mass hyaluronan (Healon; Pharmacia, Uppsala. Sweden) onto a nitrocellulose membrane (HA, pore size 0.45 pm;
Millipore; Cork, Ireland) using a dot-blot apparatus (Bio-Rad Bio-Dot; Richmond, CA), and staining it with bHABC as described above. Aliquots (100 pl) of hyaluronan (0.1 nglml to 10 pglml) were applied on the membrane. HA at 0.1 nglml to 1 pglml showed a dose-dependent increase in staining intensity. When the amount of hyaluronan exceeded 1 pglml. the staining intensity was not increased but spreading of the dots rook place.
Results

Localization of Hyaluronan in Parafin-embedded Sections
The distribution of hyaluronan in the tissues contributing to semen was studied on paraffin sections stained for hyaluronan with bHABC, a protein probe prepared from cartilage proteoglycan aggregates and specifically binding hyaluronan (Figures 1-3) . The specificity of the staining in all tissues was further controlled by predigestion of the samples with Streptomyces hyaluronidase (Figure  2d ). Hematoxylin-eosin-stained sections are shown for general tissue morphology (Figures la, IC, le, Ig, 2a, 3a, and 3c) . In testis and in the epididymis, the connective tissue contained only a little hyaluronan ( Figures Ib and Id) . The lamina propria in the epididymis and the tissue surrounding the blood vessels in both tissues, however, contained bHABC-positive material (Figures Ib and Id) . The connective tissue in ductus deferens and in the accessory sex glands was intensely stained with bHABC ( Figures Ih, 2b, 2c , 3b, and 3f). The smooth muscle in all organs showed only traces of hyaluronan (Figures 1, 2, and 4) . The staining of the epithelial structures varied greatly between the different organs.
The seminiferous tubules of testes were completely negative (Figure Ib) . In the epididymal duct, positive staining was observed all around the basal cells, whereas the intercellular spaces between the principal cells were only weakly positive ( Figures Id and If) . The staining between the principal cells was suonger in cauda epididymis than in the caput (Figures Id and If) . The luminal surfaces were completely devoid of hyaluronan. In ductus deferens, little hyaluronan was found in the epithelium, whereas the underlying lamina propria was very intensely stained ( Figure Ih) .
Seminal vesicle clearly differed from ductus deferens and epididymis in that its epithelium exhibited a strong positive reaction for bHABC. The stain was mostly localized around the basal cells but also between the cells that extended to the surface (Figures  2b and 2c) . The luminal surface was negative, but the secretions gave a faint positive reaction (Figure 2c ). Although faint, the positive reaction in the secretions was sensitive to hyaluronidase, indicating that it was specific (Figure 2d) .
The epithelia in the prostate and Cowper's gland were intensely stained with bHABC (Figures 3b and 3d-3f) . The staining was localized on the basolateral surfaces of all epithelial cells. The apical surfaces and the lumen of the glands were in most cases negative (Figures 3b and 3d ). However, positively stained material was with arrows in d-1. Bars: a,c,a = 50 pm;  b,d,f = 10 pm. occasionally found on the apical surfaces of the acini in both glands (Figures 3e and 3f ). Larger ducts in both glands contained secretory material with a positive reaction with bHABC (Figures 3e  and 3f ).
In Situ Blotting of Hyafuronan
Because hyaluronan, which is a highly soluble material, may be extracted during sample processing despite rigorous fixation, we performed in situ blotting of fresh frozen sections onto nitrocellulose and stained the blots for hyaluronan. Figure 4 shows a blot from prostate, epididymis, and testis. The connective tissue is stained in all samples in a way similar to paraffin sections (Figures 1 and  3) ; the staining was intense in prostate and epididymis and faint in testis. The area corresponding to smooth muscle in prostate and epididymis shows faint staining, like the paraffin sections ( Figures  4a and 4b) . The basolateral staining pattern of prostatic acinar and epididymal cells was not seen in the transblots (Figures 4a and 4b) . However, the luminal material inside larger ducts of the prostate showed a distinct positive reaction in the transblots (Figure 4a ). The blots from epididymis and testis failed to show any bHABCpositive material inside the epididymal duct and seminiferous tubules (Figures 4b and 4c ).
Localization of CD44
The basal and lateral surfaces of the epithelium in Cowper's gland showed a positive reaction to the Hermes 1 monoclonal antibody for CD44 (Figures 5a and 5b) . The luminal surface was not stained. A similar staining pattern, although fainter, was seen in prostatic epithelium (Figure 5c ).
Seminal vesicle and ductus deferens showed only very faint staining in the basal side of their epithelium (Figures 5d and 5e ). Epididymal duct (Figure 5f ) and seminiferous tubules (not shown) were completely negative for CD44. Occasional stained cells were present in the connective tissue of all samples (Figure 5f) . Table 1 summarizes the distribution of HA and CD44 in the epithelia of bull reproductive organs using HABC and antLCD44 antibody.
Discussion
According to a recent report, normal human seminal plasma contains more hyaluronan than serum, as determined by a commonly used RIA (13) . We have also found hyaluronan in bull seminal fluid using an ELISA assay (Agren, unpublished observations). Considering the possibility that it is actively secreted into seminal plasma, we studied its potential sources in histological sections of bull reproductive organs.
Staining o f p d i sections localized hyaluronan in the epithelia and connective tissues of the accessory sex glands, ductus deferens, and epididymis, but testis was almost negative. The secretions of the accessory glands were hyaluronan-positive, whereas the luminal contents of epididymal duct and seminiferous ducts were negative. These data suggest that the accessory glands secrete hyaluronan, whereas epididymis and testis do not participate in the production of seminal hyaluronan. However, the hyaluronan not bound to tissue structures such as receptors and matrix proteins is difficult to fm and may easily diffuse out of the tissue. Therefore, we introduced an in situ blotting technique for hyaluronan. The overall staining pattern in the blots was similar to that in the paraffin sections. Epithelial hyaluronan could not be seen in the blots, perhaps owing to the lower resolution or its tight binding to the tissue section. The negative staining of epididymal and testicular ducts and their secretions in the transblots is in agreement with the paraffin sections, confirming the absence of hyaluronan in their secretions. The data thus strongly suggest that the accessory glands are responsible for the production of seminal fluid HA.
Hyaluronan is known to enhance sperm motility in vitro (14) . The hyaluronan added to the ejaculate by the accessory sex glands may therefore function as a signal for enhanced motility to the sperm cells. Hyaluronan specifically activates the motility of many cell types through a cell surface receptor RHAMM (10,21).
Synthesis of hyaluronan takes place on the inner surface of the plasma membrane, and the growing chain is believed to protrude directly through the membrane into the extracellular space (22). The secretory process has not yet been described at the morphological level (22). Ifhyaluronan is secreted by the apical membrane of the epithelia, it must be immediately shed into the lumen, since the apical membranes were usually not stained. The concomitant lack of CD44 on the apical surface ( Figure 5 ) may favor this escape, and the co-distribution of CD44 on the basolateral surface of the epithelial cells is in line with the hypothesis that it immobilizes HA in the pericellular matrix.
An alternative explanation to the hyaluronan in seminal plasma is that hyaluronan reaches the lumen by diffusion through clefts between the epithelial cells. This idea is supported by observations that hyaluronan was present on the basal and basolateral sides of the epithelia. However, diffusion of the high molecular mass hyaluronan through the tightly apposed membranes of the epithelial cells seems difficult.
Previous data indicate that CD44 surrounds the cells in several stratified epithelia, such as epidermis (2,16), gingiva, and esophagus ( k m i et al., unpublished observations). The simple epithelium in sweat glands (16) , salivary glands, and endometrial glands (23) shows basolateral staining of CD44. In large and small intestine the epithelial cells in the crypts of Liberkiihn also show abluminal distribution of CD44, whereas the cells in the intestinal villi are CD44-negative (2,23). The present data give support to the rule that CD44 shows an exclusively basolateral expression in those polarized epithelial cells in which it occurs.
